Adult-onset urticaria pigmentosa/mastocytosis in the skin almost always persists throughout life. The prevalence of systemic mastocytosis in such patients is not precisely known. Bone marrow biopsies from 59 patients with mastocytosis in the skin and all available skin biopsies (n ¼ 27) were subjected to a meticulous cytological, histological, immunohistochemical, and molecular analysis for the presence of WHO-defined diagnostic criteria for systemic mastocytosis: compact mast cell infiltrates (major criterion); atypical mast cell morphology, KIT D816V, abnormal expression of CD25 by mast cells, and serum tryptase levels 420 ng/ml (minor criteria). Systemic mastocytosis is diagnosed when the major diagnostic criterion plus one minor criterion or at least three minor criteria are fulfilled. Systemic mastocytosis was confirmed in 57 patients (97%) by the diagnosis of compact mast cell infiltrates plus at least one minor diagnostic criterion (n ¼ 42, 71%) or at least three minor diagnostic criteria (n ¼ 15, 25%). In two patients, only two minor diagnostic criteria were detectable, insufficient for the diagnosis of systemic mastocytosis. By the use of highly sensitive molecular methods, including the analysis of microdissected mast cells, KIT D816V was found in all 58 bone marrow biopsies investigated for it but only in 74% (20/27) of the skin biopsies. It is important to state that even in cases with insufficient diagnostic criteria for systemic mastocytosis, KIT D816V-positive mast cells were detected in the bone marrow. This study demonstrates, for the first time, that almost all patients with adult-onset mastocytosis in the skin, in fact, have systemic mastocytosis with cutaneous involvement.
Mastocytosis comprises a heterogeneous group of neoplasms characterized by an accumulation of abnormal mast cells in various tissues. The clinical course ranges from self-regressing skin lesions in children to highly malignant mast cell leukemia in adults. Two main disease variants are recognized by the WHO: cutaneous mastocytosis and systemic mastocytosis. 1 Cutaneous mastocytosis typically presents as urticaria pigmentosa. Systemic mastocytosis is characterized by neoplastic mast cell infiltrates in extracutaneous tissues-almost invariably the bone marrow-and facultative skin involvement. [1] [2] [3] To discriminate systemic mastocytosis from isolated cutaneous mastocytosis and from other neoplastic or reactive conditions with an increased mast cell number, diagnostic criteria had been defined: The only major diagnostic criterion is the presence of multifocal compact mast cell infiltrates consisting of at least 15 mast cells in extracutaneous tissues. The four minor criteria are (1) atypical mast cell morphology (425% spindle shaped), (2) aberrant mast cell immunophenotype (expression of CD25/CD2), (3) activating mutations at codon 816 of KIT, and (4) persistent elevation of baseline serum tryptase levels (420 ng/ml). The diagnosis of systemic mastocytosis requires the fulfillment of at least the major criterion plus one minor criterion or at least three minor criteria. 1, 2 According to a recent consensus statement, dermatological findings suspicious for cutaneous mastocytosis should prompt a preliminary diagnosis of 'mastocytosis in the skin', with subsequent investigations being initiated in order to either demonstrate or rule out systemic mastocytosis. 2 The aim of the present study was to precisely determine the prevalence of systemic mastocytosis in a cohort of 59 patients with adult onset mastocytosis in the skin. By addressing all WHO diagnostic criteria for systemic mastocytosis, including KIT mutational analyses in microdissected bone marrow mast cells, we were able to demonstrate that almost all patients with adult-onset mastocytosis in the skin, in fact, have systemic mastocytosis.
Materials and methods

Patients
Fifty-nine patients with the clinical diagnosis of adult-onset mastocytosis in the skin established between 2004 and 2008 at a specialized referral center at the Department of Dermatology and Allergology, Ludwig-Maximilians-Universität Munich, Munich, Germany, were investigated. Routinely, patients with suspected mastocytosis in the skin are clinically evaluated, including the occurrence of anaphylactic reactions and the determination of the type and extent of skin lesions and the baseline serum tryptase level. In addition, a skin biopsy is done in patients in whom it had not been performed by the referring dermatologist. In all the patients, bone marrow was evaluated histologically (trephine core biopsy) and cytologically (smear preparations). Additional diagnostic tests like bone density measurement or an allergological work-up were only performed when clinically indicated. The diagnosis of mastocytosis in the skin was based upon the typical maculopapular rash (major criterion for mastocytosis in the skin) and swelling upon rubbing (Darier's sign). Maculopapular lesions with marked pigmentation were diagnosed as urticaria pigmentosa and erythematous lesions without pigmentation as Teleangiectasia macularis eruptiva perstans. Determination of the extent of cutaneous disease was conducted according to Brockow et al. 4 assessing the percentage of lesional skin surface in the most intensively involved area of the whole body (A: 2%, B: 15%, C: 50%, and D: 100%; Figures 1a-c) . Histological examinations performed in-house were assessed positive for mastocytosis in the skin when mast cell infiltrates in the skin were found with either 415 mast cells/cluster or 420 scattered mast cells per high power field ( Â 400; minor criterion for mastocytosis in the skin). 2 Retrospectively, the mast cell content in the skin was stratified semiquantitatively by anti-tryptase immunohistochemistry in in-house biopsies (n ¼ 27; Figures 1d-f) . Initially, no molecular analyses for KIT D816V (minor criterion for mastocytosis in the skin) had been performed on skin biopsies.
Regarding smear preparations, mast cell cytomorphological features and numbers were assessed in toluidine blue stains outside of the crushed particles according to criteria defined by Sperr et al. 5 Routinely processed bone marrow trephine biopsy specimens were investigated by histology, immunohistochemistry, and molecular techniques applied to total DNA from complete tissue sections as described elsewhere. 6 Diagnoses were established according to the published WHO criteria. 1, 2 The patients were stratified into three diagnostic groups: (1) systemic mastocytosis with compact mast cell infiltrates, (2) systemic mastocytosis without compact mast cell infiltrates but Z3 minor criteria, and (3) cutaneous mastocytosis without compact mast cell infiltrates and o3 minor criteria. Tryptase concentration was determined in blood samples obtained at least 14 days after a systemic allergic reaction by ImmunoCAP Tryptase (Phadia AB, Freiburg, Germany) according to the manufacturer's instructions.
The retrospective analysis of anonymized data was approved by the local institutional review board.
Tissue Processing
Bone marrow smears were stained with toluidine blue and Pappenheim-Wright-Giemsa. All skin and bone marrow biopsy specimens were fixed in 4% neutral-buffered formalin and embedded in paraffin. Bone marrow biopsies were mildly decalcified overnight in EDTA. Tissue sections were stained with hematoxylin and eosin and Giemsa. Immunohistochemical investigations with antibodies against mast cell tryptase (1:1200; clone AA-1; Diagnostic BioSystems, Pleasanton, CA, USA), KIT/CD117 (1:400; DAKO Diagnostika, Glostrup, Denmark), and (Figures 2b-d) for diagnostic purposes, while AEC (3-amino 9 ethyl-carbazole, Zytomed, Berlin, Germany) was used for microdissection experiments.
Isolation of Total DNA for Mutational Screening Analysis
The presence of KIT codon 816 mutations was investigated in formalin-fixed and paraffin embedded skin and bone marrow biopsy specimens. Total genomic DNA was extracted from five 5-10-mm paraffin sections using the QIAamp DNA Micro kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Samples of 50-100 ng of the total extracted DNA were used for KIT mutation analyses. Genomic DNA extracted from the mast cell leukemia cell line HMC-1.2, known to heterozygously carry the KIT mutation D816V, served as the positive control. 7 HMC-1.2 cells were kindly provided by Dr Butterfield, Mayo Clinic, Rochester, MN, USA.
Isolation of DNA from Microdissected Mast Cells
Single tryptase-stained cells were microdissected using the technique of laser pressure catapulting (PALM, Bernried, Germany; Figures 2g and h ) and pooled to a total of 200 cells in the tip of a PCR tube. Microdissected cells were resuspended in 9 ml of TE-buffer pH 8.5/0.5% Tween (50 mM Tris, 1 mM EDTA) and incubated at 95 1C for 20 min. After addition of proteinase K (Qiagen, 4600 mAU/ml) and centrifugation, the lysate was incubated for 16-24 h at 56 1C, followed by heat inactivation of proteinase K. Half of the respective lysate was then amplified together with 19 ml of PCR mixture with and without locked nucleic acid.
DNA Amplification and Mutation Detection
Investigations for KIT codon 816 mutations in total DNA were performed by the technique of melting point analysis of amplification products with the LightCycler System (Roche Molecular Systems, Mannheim, Germany). To increase the diagnostic sensitivity, amplicons to be genotyped were generated by nested PCR and locked nucleic acid-mediated PCR clamping. The PCR-clamping Adult-onset systemic mastocytosis step was only performed during the first round amplification.
PCRs were performed in reaction volumes of 25 ml containing final concentrations of 1 Â buffer, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 (Applied Biosystems, Darmstadt, Germany), 200 mM dNTPs each (Fermentas, St. Leon-Rot, Germany), 30 mU/ml thermostable DNA polymerase (AmpliTaq Gold DNA polymerase; Roche Molecular Systems), 0.3 mM of each primer, and 25 nM locked nucleic acid, using first round primers c-kit 1F/1B and second round primers c-kit 2F/2B (Table 1) . 6 All primers and probes and the locked nucleic acid molecule were obtained from TIB Molbiol (Berlin, Germany). The reaction conditions for both amplification rounds were as follows: 95 1C One microliter of the PCR products was used as template for nested PCR amplifications. All PCRs were run on a Veriti 96-well thermal cycler (Applied Biosystems, Weiterstadt, Germany). For the genotyping of nested PCR products, 10 ml of the amplification products were added to 10 ml of hybridization mixture, resulting in a final concentration of 0.3 mM of hybridization probes ckit-sensor/-anchor (TIB Molbiol; Table 1 ) and 2.78 mM MgCl 2 . Subsequent melting point analysis was performed on the Light Cycler System (Roche Molecular Systems). 8 After denaturing of samples for 5 min at 95 1C, melting curve analysis started at 40 1C, the temperature being increased by 0.3 1C/s to 95 1C. 7 
Statistical Analysis
The Fisher's exact test for 2 Â 2 contingency tables was used to test for differences in proportions of nominal variables. The Kruskal-Wallis test or Mann-Whitney U test were applied to test for differences in medians of continuous variables. Correlation between continuous variables was determined with the nonparametric Spearman correlation coefficient. The significance level was set at 0.05. Statistical analysis of the data was carried out using the IBM SPSS software, version 18.0 (SPSS, Chicago, IL).
Results
Clinical and Laboratory Findings
Details of the patient characteristics are listed in Table 2 , and their analysis are summarized in Table 3 . The median age at onset of the cutaneous symptoms was 35 years (range 15-63 years) and the median duration until presentation was 9.5 years (range 0-37 years). It could not be determined exactly in 13 patients. None of the patients had morphological or clinical features of smouldering systemic mastocytosis, aggressive systemic mastocytosis, or mast cell leukemia. In particular, the so-called 'B' findings and 'C' findings were missing. 1 The severity of the skin lesions (A-D; Figures 1a-c) did not correlate with age, sex, tryptase levels, or the three diagnostic groups (systemic mastocytosis with compact mast cell infiltrates, systemic mastocytosis without compact mast cell infiltrates, and cutaneous mastocytosis). Between patients with and without compact mast cell infiltrates, no statistically significant differences in age at onset of cutaneous symptoms, duration, age at the time of investigation, and sex was found. Anaphylactic reactions, most often caused by Hymenoptera stings (n ¼ 19), were significantly more frequent among indolent systemic mastocytosis patients without detectable compact mast cell infiltrates (12/14 (86%) vs 15/41 (37%), P ¼ 0.002). Pathological bone density measurements were observed in 60% of the evaluated patients (31/52). Reduced bone density was associated with elevated tryptase levels (P ¼ 0.01 for continuous tryptase levels, r ¼ À 0.353). Serum tryptase was elevated 
420 ng/ml in 36/59 (61%) patients, 30 (83%) of whom had compact mast cell infiltrates in the bone marrow. Serum tryptase levels correlated significantly with bone marrow involvement as defined for the three diagnostic groups: systemic mastocytosis with compact mast cell infiltrates, systemic mastocytosis without compact mast cell infiltrates, and cutaneous mastocytosis (P ¼ 0.003 for continuous tryptase levels and P ¼ 0.004 for grouped tryptase levels).
Bone Marrow Morphology and Molecular Pathology
Cytological, histological, and immunohistochemical evaluation of the bone marrow revealed compact mast cell infiltrates in 71% (42/59) of the patients, expression of CD25 in 95% (56/59), and abnormal mast cell morphology of 425% of mast cells in 95% (56/59). Abnormal mast cell morphology included spindle-shaped appearance, cytoplasmic projections, enlarged oval eccentric nuclei, and hypogranulation of the cytoplasm. Most of these cells corresponded to the so-called 'atypical mast cells Type I'. 5 The area of mast cell infiltrates in the bone marrow showed a significant association with the three diagnostic groups (systemic mastocytosis with compact mast cell infiltrates, systemic mastocytosis without compact mast cell infiltrates, and cutaneous mastocytosis; Po0.001). The KIT D816V mutation was detected in genomic DNA from paraffin sections in 48 (83%) of the 58 patients in whom it was performed. Seventy-nine percent (38/48) of these patients had compact mast cell infiltrates (Figures 2a-d) . Interestingly, further analysis of microdissected mast cells revealed KIT D816V in all of the 10 hitherto apparently KIT wild-type cases. Among them only 3 patients (3%) had detectable compact mast cell infiltrates. Thus, the necessity to enrich mast cells by microdissection in order to detect KIT D816V correlated significantly with the bone marrow mast cell burden as reflected by the presence or absence of compact mast cell infiltrates (P ¼ 0.004) and the area of mast cells among nucleated bone marrow cells (o1%: 10/31, and 41%: 0/27; P ¼ 0.015). Altogether, 97% (57/59) of the patients fulfilled the WHO criteria for the diagnosis of systemic mastocytosis. In 15 patients (25%), the diagnosis of systemic mastocytosis was based upon the presence of 3 (n ¼ 12) or even 4 (n ¼ 3) minor diagnostic criteria in the absence of compact mast cell infiltrates (Figures 2e and f) . These patients had a very low mast cell burden of o1% of the bone marrow area and diagnostically elevated serum tryptase levels in only 40% (compared with 83% of patients with compact mast cell infiltrates). Two (3%) patients fulfilled only one or two minor criteria (patient no. 58 and 59, Table 2 ), insufficient for the diagnosis of systemic mastocytosis, even though clonality was demonstrated by KIT D816V-positivity in mast cells microdissected from bone marrow sections. No tissue from the BM biopsy was available for KIT mutational analysis.
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Morphological signs of an associated hematological non-mast cell lineage disease were not detected in any of our patients.
Skin Histology and Molecular Pathology
In addition to the typical skin rash, a diagnostic increase in mast cells was observed in all the available skin biopsies (n ¼ 27), leading to the preliminary diagnosis of mastocytosis in the skin (Figures 2d and e) . Mast cell density in the skin did not correlate with the macroscopic intensity of the skin rash (P ¼ 0.912).
Analysis of DNA from the paraffin sections revealed KIT D816V in 52% (14/27) of the patients. Microdissected mast cells harbored KIT D816V in additional 6 (22%) cases, including both patients with cutaneous mastocytosis. In the remaining 7 cases, KIT D816V could not be detected even when microdissected skin mast cells were analyzed, despite the fact that all patients harbored this mutation in their bone marrow mast cells. Interestingly, 86% (6/7) of these patients had systemic mastocytosis with detectable compact mast cell infiltrates in contrast to only 45% (9/20) in whom KIT D816V was detected in the skin. The molecular finding of KIT wild-type in the skin did neither correlate with the macroscopic intensity of the skin rash nor with the mast cell density in the skin or in the bone marrow (P ¼ 1.0, P ¼ 0.56, P ¼ 0.09). Furthermore, it was not associated with the percentage of CD25-expressing mast cells in the skin (P ¼ 0.693, Figures 1g-j) .
Discussion
In the present study, systematic investigation of the bone marrow, including histology, immunohistochemistry, and molecular analysis for KIT D816V as well as determination of the serum tryptase levels led to a diagnosis of systemic mastocytosis in 97% (57/59) of patients with adult-onset mastocytosis in the skin and detection of clonal KIT D816V-positive mast cells in the remaining two cases. In previous studies investigating patients with mastocytosis in the skin, the frequency of systemic disease ranged from 41 to 73%. [9] [10] [11] [12] Bone marrow is the tissue of choice for KIT mutational analysis. It was found clearly preferable over skin in the present study in which KIT D816V was detected in all the bone marrow specimens investigated (58/58) but in only 74% (20/27) of lesional skin biopsies. The latter finding is consistent with the 77% (86/112) prevalence of KIT D816V in skin biopsies found by Lanternier et al. 9 However, underlying systemic disease was found in only 73% of their patients.
In the absence of the major diagnostic criterion, compact mast cell infiltrates, KIT D816V served as the critical third minor diagnostic criterion in 20% of our patients (12/59), thus allowing a final diagnosis of systemic mastocytosis. 1 The lack of detectable compact mast cell infiltrates in the bone marrow poses a diagnostic challenge in patients with suspected systemic mastocytosis. It has been reported in up to 25% of patients by others and was noted in 29% of patients (17/59) in our study. 13 Arguing in favor of a sampling error, Butterfield and Li demonstrated that the diagnosis of 'mastocytosis' would have been missed in 17% (4/23) of their patients who underwent bilateral bone marrow biopsy, if only a single biopsy specimen had been obtained. 14 The patients without detectable compact mast cell infiltrates are usually characterized by a lower mast cell burden, which, in turn, results in only a slight and often sub-diagnostic elevation of the serum tryptase level. 14 Sixty-five percent (11/17) of our compact mast cell infiltrate-negative patients had serum tryptase levels below the threshold of 20 ng/ml, compared with only 29% (12/42) in the compact mast cell infiltrate-positive group. Thus, both compact mast cell infiltrates and serum tryptase were diagnostically inconclusive in about 19% (11/59) of our patients with suspected systemic mastocytosis. Positive results for all three remaining minor criteria, that is, atypical mast cell morphology, expression of CD25, and KIT D816V, are in these cases essential to establish a final diagnosis of systemic mastocytosis.
Detection of KIT D816V is a technical challenge in patients without detectable compact mast cell infiltrates. In these patients, KIT mutations are almost always restricted to neoplastic mast cells and their precursors. 15, 16 The very high background of KIT wild-type cells warrants a very high diagnostic sensitivity for detection of KIT D816V. It may best be achieved by preferential amplification of the mutated alleles. [17] [18] [19] Nevertheless, in a significant number of cases, KIT mutational analysis will need to be performed on mast cells enriched by either flow cytometric sorting of bone marrow aspirate cells or laser microdissection of mast cells from tissue sections. 6, 20, 21 In our study, the diagnostic sensitivity for KIT D816V was thereby increased from 83% (48/58) to 100% (58/58) and allowed the diagnosis of systemic mastocytosis to be established in four additional patients (4/58, 6.9%). As expected for the less sensitive techniques investigating DNA from complete tissue sections, the diagnostic sensitivity for KIT D816V in the bone marrow correlated significantly with the mast cell burden and the presence of compact mast cell infiltrates (Po0.001). The mast cell burden, in turn, correlated significantly with the serum tryptase level (P ¼ 0.002). 4 KIT D816V is known to be expressed in abnormal skin mast cells in urticaria pigmentosa. 22 We failed to detect KIT D816V in microdissected skin mast cells in about 25% of cases despite the fact that it was detectable in bone marrow mast cells. Consistent with the decreased detection rate of KIT mutations in the skin is the observation that only a small subset of skin mast cells expressed CD25 as another indicator of the neoplastic nature of these cells, 9, 10, 23 while it was found to be strongly expressed by the majority of bone marrow mast cells (in the present study) and mucosal mast cells in patients with intestinal involvement of systemic mastocytosis. 24 These findings may be caused by, for example, expression of different sets of adhesion molecules between normal and neoplastic mast cells, or by expression of different homing receptors for (neoplastic) mast cells in the skin and extracutaneous tissues. 25, 26 Consequently, the finding of KIT wild type in the skin of adult patients with mastocytosis in the skin neither correlated with mast cell density in the skin or bone marrow nor with skin lesion intensity or tryptase levels. Most importantly, it did not exclude systemic mastocytosis.
The clinical implications of the diagnosis of systemic mastocytosis are substantial. Even though patients with indolent systemic mastocytosis have an almost normal life expectancy, significant danger may arise from anaphylactic reactions. [27] [28] [29] [30] In a recent study, Brockow et al. 30 found a cumulative incidence of anaphylaxis of up to 49% in adults with systemic mastocytosis leading to the recommendation to carry an emergency medication set, including epinephrine. Severe and even fatal intra-and postoperative complications also pose an important threat. [31] [32] [33] In addition, patients with systemic mastocytosis should be monitored closely for osteopenia and osteoporosis, which may lead to pathological fractures. 34 In summary, we demonstrate, for the first time, that almost all patients with adult-onset mastocytosis in the skin, usually presenting as urticaria pigmentosa, suffer from systemic mastocytosis as defined by the diagnostic WHO criteria. Even in cases lacking sufficient diagnostic criteria for systemic mastocytosis, clonality of bone marrow mast cells could be demonstrated by the detection of KIT D816V in these cells, suggesting the presence of a generalized clonal mast cell disease. According to a recent consensus proposal, a monoclonal mast cell activation syndrome may be diagnosed in these patients, provided that they suffer from mast cell mediator-related symptoms. 35 Our data challenge the concept of pure adult-onset cutaneous mastocytosis and demonstrate that a molecular finding of KIT wild type in skin biopsies does not exclude systemic mastocytosis. Therefore, the typical skin lesions of cutaneous mastocytosis in adult patients may indeed represent a finding in favor of the diagnosis 'systemic mastocytosis' and could thus possibly be considered as an additional (minor) diagnostic criterion for systemic mastocytosis in a future consensus classification. However, as histological features of mastocytosis in the skin are still ill-defined, in contrast to the diagnostic criteria in extracutaneous tissues, bone marrow histology should be performed in every case of mastocytosis in the skin to verify the diagnosis of systemic mastocytosis and to allow its subtyping.
